The new massively parallel sequencing methods are so astonishing that one wonders whether space aliens are secretly behind them. One technician, running a single instrument, can obtain up to approximately 1 billion bases of DNA sequence in a few days. Here we describe the new sequencing methods, briefly present a few applications in HIV research, and then speculate on future directions.
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The new massively parallel sequencing methods
Several methods for massively parallel pyrosequencing have recently been commercialized. As an example, consider the use of the 454 Life Sciences pyrosequencing method for metagenomic analysis of woolly mammoth DNA [1, 2] . DNA from a mammoth carcass was purified and fragmented, and DNA linkers were ligated to the free ends. DNAs were then denatured and strands annealed to beads conjugated with oligonucleotides complementary to the linker sequences. This step is carried out with very low DNA concentrations so that on average only one strand binds to each bead. Bead-bound DNA is then PCR amplified in an oil-water emulsion, where each water droplet in the emulsion contains on average a single bead. The amplified DNA strands anneal to the beads, yielding beads with many copies of homogeneous PCR products. Pools of up to 400 000 beads are then distributed in a picotiter plate and further manipulations carried out in a custom fluidics station (Fig. 1) . A polymerase is used to extend a DNA chain from a bound primer on each strand. The four nucleoside triphosphates are sequentially flowed over the picotiter plate. With each incorporation event, pyrophosphate is liberated into solution (hence 'pyrosequencing'). An enzyme system is present in the aqueous phase that directs incorporation of pyrophosphate into ATP, which in turn activates purified luciferase, also present in the aqueous phase, to produce a flash of light. Each flash from each well is quantified by a charge coupled device camera and the signals detected and stored in a computer. Sequential application of the four nucleotides (nts) allows DNA sequences of approximately 100 nt to be built up several hundred thousand fold at a time. Using this method a detailed comparison of the mammoth and elephant genomes can be carried out (yes, there is also an elephant genome project). 
Pyrosequencing to analyze HIV diversity
The pyrosequencing methods are well suited to addressing questions on the dynamics of HIV quasispecies in response to selective pressures. HIV reverse transcriptase is very error prone, making roughly one base pair substitution mutation per round of replication [6] . The viral populations in infected individuals are also very large, with some 10 10 virions produced and destroyed per day [7] [8] [9] . After infection, this activity quickly results in the formation of a diverse pool, or quasispecies, in which most viral sequences differ from all others.
Pyrosequencing offers an improved means of characterizing sequence variation present in such large populations. One application is quantification of rare drug-resistant mutations in treated individuals failing antiretroviral therapy. Current guidelines recommend that whenever an HIV-positive individual is initiating or changing therapy, possible drug-resistant alleles should be assayed and treatment choices adjusted accordingly. However, the most commonly used genotyping methods only provide information on the most abundant sequence variants. Evidence suggests that rare drugresistant variants, when subjected to the selective pressures of drug treatment, can quickly grow out and become the predominant form, leading to treatment failure [10, 11] .
Two reports have applied pyrosequencing to the detection and characterization of rare drug-resistant variants [12, 13] . Shafer and colleagues [13] purified RNA from patient virions, reverse transcribed to generate cDNA, sheared the cDNA product, and carried out pyrosequencing as described for mammoth DNA. Hoffmann et al. [12] took a different approach, PCR amplifying short regions of interest, then pyrosequencing the amplicons directly. Both groups also analyzed control cloned viral stocks, allowing empirical determination of the rates of false-positive calls and thereby permitting convincing demonstrations of detection of drug-resistant mutations present as less than 1% of the population.
Another study [14] applied pyrosequencing to analyzing viral tropism in quasispecies inferred from V3 loop sequences. As inhibitors that block coreceptor binding come into widespread use, there will be an increased need for deep profiling of coreceptor usage prior to initiating therapy, and pyrosequencing would be an ideal tool for this application.
The Hoffmann approach [12] applied a twist that is likely to be useful in many applications. They indexed PCR products by adding short DNA bar codes to their PCR primers. Sequence reads extended across the bar codes, allowing different samples to be distinguished after sequencing in a mixed pool. Running a single 454 plate is fairly expensive, but bar coding allows many samples to be run on the same plate, thereby reducing the cost per sample [12, 15] . 
Pyrosequencing to analyze HIV integration targeting
Detailed studies of the placement of HIV integration sites in the human genome [16] [17] [18] [19] have yielded a wealth of new insights into HIV biology. Related studies [20, 21] on integration site distributions are also important in the gene therapy field, in which integration of therapeutic retroviral vectors has resulted in insertional activation of proto-oncogenes and clinical adverse events. The first genome-wide study of HIV integration targeting [22] used Sanger sequencing and reported approximately 500 integration sites [16] . A recent study using pyrosequencing yielded 40 000 sites. Each boost in the number of integration sites has led to new insights into mechanism. The pyrosequencing study of HIV integration, for example, yielded data indicating that integration in chromosomes in vivo usually takes place on nucleosomebound DNA (Fig. 2 ) [23] [24] [25] .
Pyrosequencing data sets are just beginning to be generated for samples from gene therapy trials, including trials to treat HIV [26] , which will allow much deeper investigation of vector integration site distributions. One question for future studies will be to what degree patterns in deep integration site data help forecast impending clinical adverse events.
Pyrosequencing to characterize unknown opportunistic infections
Clinicians are occasionally confronted with apparent infections that cannot be easily attributed to a known pathogen. Given concerns about bioterrorism, there is an urgent need to identify the infectious agents quickly in such cases. For AIDS patients, opportunistic infections that would be cleared in immunocompetent individuals can cause morbidity in the immunocompromised, potentially resulting in challenges in identifying the agent. A wealth of new molecular methods are becoming available for identifying new pathogens, with pyrosequencing a major addition.
The discovery of a virus potentially responsible for colony collapse disorder (CCD) of honey bees provides a striking example [27] . North American bee colonies have been failing at alarming rates, and an infectious agent implicated. Pyrosequencing of a large number of samples from affected and unaffected colonies revealed that the presence of Israeli acute paralysis virus was strongly associated with CCD, and follow-up quantitative PCR studies strengthened the connection. Experimental infection studies are now needed to test causality.
Pyrosequencing also provides potent new methods for analyzing bacterial populations. Many bacterial diseases likely involve not only single pathogens but also the full microbial community in which that pathogen residesfor example, obesity and Crohn's disease are proposed to involve community-wide alterations in gastrointestinal microbiota [28] [29] [30] . Pyrosequencing of DNA samples from uncultured bacterial communities can identify the members of a community and their relative abundance in a rapid and cost-effective fashion [31, 32] . For example, 454 pyrosequencing of segments of the 16S RNA genes from uncultured communities of marine bacteria has revealed numerous previously undiscovered bacterial taxa [31, 33] .
Of particular interest to HIV research, a pyrosequencing study [34] of the gastrointestinal microbiota present in simian immunodeficiency virus (SIV)-infected macaques has shown consistent changes associated with chronic colitis accompanying disease progression. These findings set the stage for an investigation of pathogenic mechanisms, particularly in connection with recent proposals for involvement of gastrointestinal flora in inflammation and lentiviral disease progression [35] .
Pyrosequencing in hypothesis testing
Pyrosequencing can be used not just to sequence genomes, but also as an end-point assay in a mechanistic experiment, as one might once have used a p24 assay or For each of the integration sites, the position of the underlying nucleosome was predicted from the primary sequence using the method of Segal et al. [23] .
Nucleosomes were aligned at their centers of symmetry and the integration frequency quantified across the full data set moving outward from the dyad axis. A periodic pattern of high and low frequency integration was found with a period of about 10.5 bases. This pattern is exactly as expected for DNA bound on the nucleosome surface, where integration is favored in sequential out-ward facing major grooves [24, 25] .
Southern blot. For example, in an application in the integration targeting field, HIV integration in cells containing or lacking the targeting factor PC4 and SFRS1 interacting protein 1/lens epithelium-derived growth factor/p75 (PSIP1/LEDGF/p75) was compared using pyrosequencing. The analysis revealed that cells lacking the cofactor showed reduced integration in transcription units ( [18] ; see also [17, 19] ).
In another example, Shuman and colleagues [36] identified mitoxantrone as an antipoxviral agent and sought to identify the viral target of the inhibitor. They picked mutant vaccinia viruses insensitive to the drug and then they sequenced the entire 195 kb mutant genomes from mutants and compared them to the wild type. A mutation in the ligase gene was found to be selectively present in the genomes of the drug-resistant variants. Thus, pyrosequencing allowed efficient identification of the molecular target of a new antiviral agent in a large viral genome.
Looking ahead
In just approximately 2 years since the 454 sequencing system has been commercially available, the technology has improved considerably and other companies are introducing competing platforms. It is virtually certain that the already amazing new sequencing technologies will be further improved in the years to come and that these new methods will transform HIV research. Some present and possible future applications of pyrosequencing to HIV research are summarized as follows:
(1) Quantifying rare drug-resistant mutations in HIV quasispecies (2) Quantifying immune escape mutations in quasispecies under immune pressure (3) Quantifying coreceptor usage in quasispecies (4) Genome-wide monitoring of integration site selection (5) Identification of novel pathogens (6) Analysis of effects of lentiviral infection on gastrointestinal microbiota (7) Affordable genotyping for resource-limited settings.
For any virus, when understanding the structure of a complex swarm is important, pyrosequencing is an attractive tool. Interactions of HIV with other viruses could be explored; for example, interactions with hepatitis C virus (HCV). HCV quasispecies are probably more complex than HIV quasispecies and understanding of HCV swarms is less advanced than for HIV. Pyrosequencing of HCV populations from well chosen patient populations should be highly informative and studies of the effects of coinfection with HIV are of considerable interest.
Studies of human genetic determinants of HIV disease course will likely be accelerated by the new methods. A couple of examples of complete sequencing of individual human genomes have been reported and more are on the way. Such studies on AIDS patients with different disease responses should help identify new human determinants of disease transmission and progression.
Lastly, pyrosequencing may make some molecular diagnostic methods affordable in resource-limited settings. Methods for characterizing HIV drug resistance are unavailable in many areas of the developing world. Single pyrosequencing runs are expensive (for the 454 method, approximately US$ 15 000 per plate), but using DNA bar coding, several hundred samples may readily be analyzed per plate and larger numbers should be accessible with further refinement. There would be many challenges to implementation, but ultimately pyrosequencing technology could make a variety of molecular diagnostics affordable for those who presently lack access.
